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Nitrosative Stress:
Activation of the Transcription Factor OxyR
Alfred Hausladen,* Christopher T. Privalle,² NO±related species are capable of eliciting this post-
translational modification (Stamler, 1994; Boese et al.,Teresa Keng,² Joseph DeAngelo,²
1995). Proteins that are known to undergo a changeand Jonathan S. Stamler*
in function upon S-nitrosylation include membrane ion*Departments of Medicine and Cell Biology
channels such as the N-methyl-D-aspartate receptorDuke University Medical Center
(Lipton et al., 1993); signaling proteins such as p21rasDurham, North Carolina 27710
(Lander et al., 1995), protein kinase C (Gopalakrishna et² Apex Bioscience, Inc.
al., 1993), and protein tyrosine phosphatases (Caselli etResearch Triangle Park, North Carolina 27709
al., 1994); and cytosolic enzymes such as cyclooxygen-
ase±prostaglandin H synthase (Hajjar et al., 1995), glyc-
eraldehyde-3-phosphate dehydrogenase (Mohr et al.,Summary
1996), and g-glutamylcysteine synthetase (Han et al.,Hydrogen peroxide (H2O2) imposes an oxidative stress 1995; reviewed by Stamler, 1994, 1995).to Escherichia coli that is manifested by oxidation of
Recent studies have demonstrated that NO±mediatedglutathione and related redox-sensitive targets. OxyR
signaling cascades extend to the level of transcription.is a thiol-containing transcriptional activator whose
However, large gaps in our understanding of these sig-
oxidation controls the expression of genes involved in
naling pathways are apparent. For example, NF-kB is
H2O2 detoxification. Here we report that certain activated by ªNOº via p21ras in T cells (Lander et al.,
S-nitrosothiols (RSNOs) impose what we term a ªnitro- 1995) but inhibited in several other systems (Peng et al.,
sative stressº to E. coli, evidencedby lowering of intra-
1995a, 1995b). Dual actions of NO donors have also
cellular thiol and the transcriptional activation of OxyR
been reported in the case of AP-1 (Pilz et al., 1995;
by S-nitrosylation. This cellular and genetic response
Tabuchi et al., 1994). In at least one cell type, activation
determines the metabolic fate of RSNOs and thereby of AP-1 appears to predominate through an effect that
contributes to bacterial rescue from stasis. Our stud- is partly dependent on cGMP (Pilz et al., 1995). In con-
ies reveal that signaling by S-nitrosylation can extend trast, the mechanism of downregulation of the transcrip-
to the level of transcription and describe a metabolic tional activator BZLF-1, although cGMP±independent
pathway that constitutes an adaptation to nitrosative (Mannick et al., 1994), has not been established. The
stress. presence of an iron±sulfur cluster in SoxR, a prokaryotic
transcriptional activator of antioxidant genes (Nuno-
Introduction shiba et al., 1993; Hidalgo and Demple, 1994), suggests
that NO activation involves an interaction with the clus-
Nitric oxide (NO) is a highly pervasive cellular signaling ter. However, alternative mechanisms of activation,
molecule. Its scope of action touches on the functions such as oxidation of the metal sensor mediated indi-
of most organ systems and on many types of cellular rectly by the oxidative milieu, have more recently found
response. To achieve such diversity of effect, the cell favor (Hidalgo and Demple, 1994; Wu et al., 1995; Hi-
capitalizes on a redox-sensitive signaling circuitry in dalgo et al., 1995).
which metal- and thiol-containing proteins are integral The descriptions of transcription factors exerting NO±
components. Covalent attachment of NO to these metal responsive controlof gene expression have not revealed
or thiol centers is a common theme in regulation of the molecular basis of NO regulation. We were inter-
cellular functions (Stamler, 1994). For example, the NO± ested in the possibility that S-nitrosylation might serve
heme interaction in cytosolic guanylate cyclase (Stamler as the functional switch in transcriptional activation.
et al., 1992a) partly confers NO±responsiveness to vas- Prokaryotes are ideal systems for this type of study for
cular smooth muscle and platelets. On the other hand, two reasons. First, the effects of NO and RSNO can be
S-nitrosylation of p21ras triggers the immunostimulation easily examined under anaerobic conditions that sim-
of lymphocytes (Lander et al., 1995). plify their chemistry. Second, RSNOs that form under
There is increasing appreciation for the many NO± inflammatory conditions (Gaston et al., 1993) and within
related activities of which NO itself is incapable. This is immune effector cells (Clancy et al., 1994) have profound
perhaps best exemplified by, but not restricted to, the bacteriostatic effects (Incze et al., 1974; Morris and Han-
list of pathogens resistant to NO but constrained in sen, 1981; DeGroote et al., 1995, 1996; reviewed by
growth by NO±related species, including S-nitrosothiols DeGroote and Fang, 1995; Stamler,1995). It would there-
(RSNOs; Incze et al., 1974; Morris and Hansen, 1981; fore be of advantage to pathogenic microorganisms to
Rockett et. al., 1991; DeGroote et al., 1995; Stamler, have inducible mechanisms to protect against these
1995), which form in high concentration in infectious compounds. Candidate transcription factors responsive
and inflammatory states (Gaston et al., 1993). Their pref- to S-nitrosylation would contain allosteric site thiols
erential reaction with sulfhydryl groups of proteins pro- whose covalent modification is known to induce a con-
vides evidence for the molecular basis of the functional formational change.
effect (i.e., microbial stasis) and the selectivity of NO± These criteriaare met by OxyR, the hydrogen peroxide
related compounds. Specifically, S-nitrosylation of pro- (H2O2)±responsive activator of antioxidant genes in
teins probably serves as the function-regulating inter- Escherichia coli and Salmonella typhimurium. The genes
controlled by OxyR include catalase/hydroperoxidaseaction in cellular control mechanisms; but not all
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(katG), glutathione reductase (gorA), and alkyl hydroper-
oxide reductase (ahpCF). Their expression confers re-
sistance to H2O2 (Christman et al., 1985). One of six
cysteine residues in OxyR is essential for activity. Spe-
cifically, oxidation of this cysteine residue to a sulfenic
acid (S-OH) by H2O2 is thought to be the molecular event
underlying activation (Storz et al., 1990; Kullik et al.,
1995). It is intriguing to speculate, then, that an S-NO
modification of OxyR (e.g., by RSNOs) may lead to a
conformational change similar to that caused by an
S-OH modification (by H2O2) and thus to transcription
of OxyR-controlled genes.
Upon activation by cytokinesor endotoxin, leukocytes
produce NO±related and O2-related species. This ªin-
nateº immune response (Nathan, 1995) imposes an oxi-
dative and nitrosative threat to bacteria, the physiologi-
cal relevance of which has been firmly established
(Nunoshiba et al., 1993, 1995; DeGroote et al., 1995,
1996; MacMicking et al., 1995). Thus, a redox-stress
sensor capable of recognizing both oxidation and ni-
trosation events would be advantageous. Herewe report
that RSNOs impose a unique type of redox stress (one
we term ªnitrosativeº), that E. coli rely on a metabolic
pathway to disarm the nitrosative threat, and that tran-
scriptional regulation by S-nitrosylation of OxyR serves
as a switch in the cellular control mechanism.
Results
Induction of Hydroperoxidase I
S-nitrosocysteine (SNO±Cys) is taken up intact by cells
(Jia et al., 1996) and is very effective at nitrosyl transfer
(i.e., S-nitrosylation; Arnelle and Stamler, 1995; Jia et
Figure 1. OxyR-Dependent HPI Inductional., 1996). SNO±Cys (1 mM) increased hydroperoxidase
(A) Induction of HPI in wild-type but not oxyR2 strains by H2O2 andI (HPI) activity in the wild-type strain RK4936 by 2±3-
SNO±Cys. The resultsshown are the average plus orminus standard
fold (Figure 1). The increase in activity was comparable deviation of five (H2O2) or six (control, SNO±Cys) experiments. The
with 0.2 mM H2O2, the concentration leading to maxi- asterisk indicates significant difference from the control (p < 0.05
mum induction. Neither H2O2 nor SNO±Cys increased by analysis of variance). H2O2 andSNO±Cys inductions are not signif-
icantly different from one another.HPI activity in the oxyR mutant strain TA4112.
(B) Induction of the reporter gene lacZ in bacteria harboring aTo establish that induction of HPI occurred at the
katG:lacZ fusion. E. coli were grown in LB±ampicillin medium to antranscriptional level, we analyzed responses in a strain
A600 of 0.2±0.3 and then treated with 60 mM H2O2 or 0.5 mM SNO±Cys.carrying a katG::lacZ promoter fusion. Both H2O2 and Results are the mean of two experiments. Inductions were not seen
SNO±Cys increased b-galactosidase activity (i.e., acti- in the oxyR2 mutant expressing the katG::lacZ construct (data not
vated transcription from the katG promoter) in the wild- shown).
type strain (Figure 1B), whereas oxyR mutant cells ex-
pressing the same transcriptional construct didnot (data
not shown). also correlated closely with bacterial growth rate, which
was profoundly inhibited for 40 min after SNO±Cys treat-
ment and which resumed thereafter to a rate similar toGlutathione Attenuates OxyR Activation
control (data not shown).SNO±Cys transnitrosates glutathione (GSH). Intracellu-
lar GSH should, therefore, act as a sink for the NO group,
since S-nitrosoglutathione (GSNO) is the more stable Mechanism of OxyR Induction
The effects of SNO±Cys were compared to those of NOnitrosothiol (Arnelle and Stamler, 1995). Indeed, 10 mM
SNO±Cys, a level of RSNO comparable to that detected under stringent anaerobic conditions. NO (0.2 mM) did
not induce HPI (p 5 0.17), whereas SNO±Cys (0.2 mM)in vivo during infection (Gaston et al., 1993), increased
HPI activity in the glutathione-deficient mutant JTG10; led to an approximately 20-fold increase in activity (p 5
0.0095; Figure 3A). Neither 0.2 mM nitrite, 0.2 mM cyste-induction was approximately 20-fold at 200 mM (Figure
2A). The isogenic parental strain AB1157showed a much ine, nor a volume of 0.05 N HCl (equal to that used for
the SNO±Cys treatment) had an effect on HPI activity.lower degree of induction.
Importantly, the dose- and time-dependent increase Moreover, the inductionof HPI by SNO±Cys was potenti-
ated under anaerobic conditions in the GSH±deficientin HPI activity correlated well with the amount of HPI
protein (Figures 2A and 2B). The time course of induction mutant, when compared with the isogenic parent (Figure
Transcriptional Activation by S-Nitrosylation
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Figure 2. Glutathione Dependence of HPI Induction
(A) Induction in GSH mutant strains. E. coli strains AB1157 (wild
type) and JTG10 (gsh2) were grown aerobically to an A600 of 0.4 and
then treated with 10 mM-1.4 mM S-nitrosocysteine. After 80 min, the
cells were harvested by centrifugation and the peroxidase activity in Figure 3. Mechanism of Induction of HPI
crude extracts was determined. The extracts were also subjected
(A) Anaerobic induction by S-nitrosocysteine (SNO±Cys), but not byto immunoblot analysis using antiserum raised against HPI. The
nitric oxide (NO). The GSH±deficient strain JTG10 was grown in anresults are representative of two (wild type) or three (gsh2) experi-
anaerobic glove box to an A600 of 0.4. Cultures were then treatedments. The differences between the two strains are significant as
with NO, SNO±Cys, or NaNO2 (0.2 mM). After 70 min, chlorampheni-determined by analysis of variance (p < 0.05). Significant inductions
col (200 mg/ml) was added, and the cultures were incubated for anwere seen with 10 mM SNO±Cys in the gsh2 strain. Closed circle:
additional 5 min before being removed from the glove box. Theperoxidase activity, gsh2; closed diamond: peroxidase activity, wild
results are the mean plus or minus the standard deviation of threetype; closed square: peroxidase content by immunoblot, gsh2.
experiments. The asterisk indicates significant difference from the(B) Kinetics of HPI induction in the glutathione mutant JTG10. Induc-
control and all other treatments (p < 0.05).tion of peroxidase by SNO±Cys. Open circle: peroxidase activity,
(B) Anaerobic induction of HPI is potentiated in a glutathione-defi-control; open triangle: peroxidase activity, 0.5 mM SNO±Cys; closed
cient mutant. The glutathione-deficient E. coli strain JTG10 and itscircle: peroxidase content by immunoblots, control; closed triangle:
isogenic wild-type AB1157 were grown in an anaerobic glove boxperoxidase content by immunoblots, 0.5 mM SNO±Cys. Procedures
and treated with SNO±Cys for 70 min. After a 5 min incubation withwere as in (A). The results were verified in four experiments; SNO±
chloramphenicol, the cells were removed from the glove box andCys-treated samples were different from controls by analysis of
the peroxidase activity determined. The results are representativevariance to p < 0.05.
of two experiments.
3B). Thus, the NO±buffer effect of GSH was maintained
in the absence of oxygen. Taken together, these data
Table 1. RSNO and Glutathione (GSH/GSSG) Content inare best rationalized by a mechanism involving S-nitro-
Extracts from Wild-Type (RK4936) E. coli after Anaerobicsylation.
Treatment with 2 mM SNO±Cys
Controla SNO±CysaIntracellular S-Nitrosylation
GSH 1 GSSG 33 6 2.5 7.4 6 3.6bTo establish further that S-nitrosylation was involved
RSNO ND 7.8 6 3.0in the transcriptional activation of OxyR, we analyzed
extracts from cells treated anaerobically with SNO±Cys. ND, not detectable.
a Values are in nmol/mg protein.The cells were found to contain S-nitrosylated proteins
b Different from control (p , 0.01).and low molecular mass RSNOs and decreased levels
Results are presented as the mean plus or minus standard deviationof glutathione (Table 1). To prove that OxyR can be
of three experiments.
S-nitrosylated in vivo, the protein was purified from
Cell
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Figure 4. In Vivo S-Nitrosylation and Tran-
scriptional Activity of OxyR
(A) Elution of SNO±OxyR from a Heparin±
Sepharose column after intracellular S-nitro-
sylation. Anaerobically growing cells of the
OxyR-overproducing strain D1210/pAQ25
were treated with 0.5 mM SNO±Cys for 30
min. Harvest and lysis were performed aero-
bically. The crude extract was then applied
to a Heparin±Sepharose column. Following
the protein flow-through, the column was
washed with 0.2 M KCl. OxyR was then eluted
with a KCl gradient. Protein and protein±SNO
were determined in each fraction, and those
judged to be pure by SDS±PAGE (see [B])
were assayed for OxyR transcriptional activ-
ity (see C).
(B) SDS±PAGE of Heparin±Sepharose frac-
tions shown in (A). Numbers on top of the
lanes correspond to fractions in (A); the num-
bers to the left indicate the positions of mo-
lecular mass markers. The purity of OxyR is
exemplified by the single band in fractions
13±17 (approximately 10%±20% SNO±OxyR).
A minor contaminant (which is not nitrosyl-
ated) is present in lanes 18±21. The silver-
stained gel is representative of three different
preparations. Fractions that were deemed
pure OxyR were used in the transcription
assays below.
(C) Primer extension products of in vitro tran-
scription reactions with air-oxidized (oxy) or
S-nitrosylated (SNO) OxyR. In vitro transcrip-
tion reactions were performed with a plasmid
carrying both katG (HPI) and bla (b-lacta-
mase). Results are shown for two OxyR prep-
arations in the absence (2) or presence (1)
of 200 mM DTT. Similar results were seen in
four additional experiments from a total of
three preparations.
OxyR-overexpressing cells following anaerobic treat- see Figure 4B) was S-nitrosylated under stringent anaer-
obic conditions (see Experimental Procedures). Thement with SNO±Cys, according to established protocols
(Storz et al., 1990; Storz and Altuvia, 1994). Heparin± conditions weredesigned tomaximize the yieldof RSNO
and to prevent oxidation; the synthesis of SNO±OxyRSepharose chromatography of cellular extracts showed
that the elution of protein±SNO coincided with that of yielded a stoichiometry of approximately one S-NO
group per molecule of OxyR (Table 2), which is consis-OxyR (Figure 4A). SDS±polyacrylamide gel electropho-
resis (SDS±PAGE) confirmed that as many as five frac- tent with reports that one thiol is critical for activity.
Assays of SNO±OxyR activity showed that transcriptiontions of the Heparin±Sepharose eluate (shown for one
of three different preparations) were pure OxyR (Figure from the katG promoter was stimulated (Figure 4C).
Transcription was attenuated or absent after dithiothrei-4B). The stoichiometry of SNO/OxyR was 0.1±0.2 (i.e.,
approximately 100±200 nM S-nitroso±OxyR) at comple- tiol (DTT) treatment of SNO±OxyR, consistent with a
reductive cleavage of the S-NO bond. When anaerobi-tion of the 24 hr purification protocol. S-nitroso±OxyR
(SNO±OxyR) thus formed in vivo. cally reduced OxyR was exposed to air in the transcrip-
tion assays, it activated katG transcription. This activityTo determine the effect of S-nitrosylation on OxyR
activity, purified protein (i.e., a single band on SDS gels; was partly inhibited by a high concentration of DTT.
Transcriptional Activation by S-Nitrosylation
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Table 2. Synthesis and Stability of SNO±OxyR
Time (hr) RSNO (mM) RSNO/OxyR (mole/mole)
0 8.5 1.5
1 5.0 0.89
6 5.2 0.93
40 4.9 0.88
90 2.8 0.49
OxyR was reduced anaerobically with DTT. Following removal of
DTT by dialysis, the protein was treated with 0.5 mM SNO±Cys.
Excess SNO±Cys was removed by dialysis. The sample was then
exposed to air (time 0) and RSNO content determined by photolysis-
chemiluminescence. Protein concentration was determined from
the absorbance at 280 nm after establishing an extinctioncoefficient
by amino acid analysis (see Experimental Procedures).
Both the rapid autoxidation of OxyR and inability to
reverse the activation completely are consistent with
earlier reports (Storz et al., 1990; Kullik et al., 1995).
Some of the protein appeared to be in an oxidation state
that is not amenable to DTT reduction. The fact that
DTT reduction of SNO±OxyR decreased the activity to
a greater extent than reduction of air-oxidized OxyR
suggests that the SNO modification protects OxyR from
irreversible oxidation.
RSNO Metabolism
RSNOs that formed intracellularly under anaerobic con-
ditions were relatively stable. That is, they could be
isolated and assayed for several hours after SNO±Cys
treatment (see Table 1; Figure 4A). In contrast, RSNOs
were degraded rapidly aerobically. By 60 min following
treatment, levels were virtually undetectable in cell ex-
tracts or culture supernatants. The mechanism of RSNO
degradation was then further explored. As shown in
Figure 5A, SNO±Cys has a half-life in the bacterial
growth medium of about 30 min. When SNO±Cys was
added to growth medium containing 5 mM GSH (the
intracellular concentration), the half-life of RSNOs in- Figure 5. Aerobic Decomposition of RSNO: OxyR Determines the
creased to 80 min. This is explained by a rapid transni- Metabolic Fate But Not Initial Rate of Breakdown
trosation reaction, producing the more stable GSNO. (A) Rate of RSNO breakdown. SNO±Cys (0.1 mM) was added to 20
The latter also formed during SNO±Cys decomposition ml of the bacterial growth medium in a 125 ml Erlenmeyer flask,
containing either no further additions, 5 mM GSH, or exponentiallyin E. coli (see Table 1). Accordingly, the rate of RSNO
growing cells at an A600 of 0.2. Aliquots were withdrawn and assayeddecomposition in the growth medium containing expo-
for nitrite and RSNO. The results are representative of seven (SNO±nentially growing cells should more closely resemble
Cys), two (SNO±Cys plus GSH), or five experiments (SNO±Cys plus
that of GSNO than that of SNO±Cys. However, RSNO bacteria). Closed circle: SNO±Cys alone; closed square: SNO±Cys
decomposition was found to be more rapid in the pres- plus GSH; closed diamond: SNO±Cys plus bacteria. RSNO half-lives
ence of cells, suggesting an activity in E. coli that accel- were calculated from the slope of the regession lines.
(B) Nitrite accumulates in an oxyR2 mutant strain but not in itserates the decomposition (Figure 5A).
isogenic wild type. SNO±Cys (0.2 mM) was added to exponentiallyWe measured the rate of RSNO decomposition di-
growing cells of an oxyR2 mutant strain (closed square) or its iso-rectly from aliquots of growing cultures, thereby
genic parental strain (closed circle) at an A600 of 0.2. Aliquots wereavoiding the RSNO decomposition that would inevitably assayed for NO22. The results are the mean of three experiments.
occur during sample processing. The half-life of RSNOs Error bars were omittedfor clarity. The curves are significantly differ-
was not lower in any of the mutants (gsh2, oxyR2, and ent by two-way analysis of variance (p 5 0.0004). Asterisks indicate
a significant difference (p < 0.05 by t test).katG2katE2) versus their isogenic parental strains. We
(C) RSNOs are metabolized to nitrite and nitrate. Capillary electro-conclude, therefore, that the rate of bacteria-mediated
phoretic tracing of nitrite and nitrate in spent bacterial growth me-RSNO breakdown is not critically dependent on GSH or
dium of wild-type (RK4936) and OxyR mutant (TA4112) strains. Cells
catalase or likely to be controlled by OxyR. There was, were grown to an A600 of 0.3 and then treated with 0.2 mM S-nitroso-
however, a striking difference between the oxyR mutant cysteine. After 50 min, the growth medium was collected by centrifu-
and its parental strain in distribution of metabolic prod- gation and subjected to capillary electrophoresis. Peak 1, nitrite
(NO22); peak 2, nitrate (NO32). The data are representative of manyucts. While both strains metabolized SNO±Cys to nitrite
similar experiments.(NO22) and nitrate (NO32), a dramatic accumulation of
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wild-type strain (Figure 6). Moreover, growth of both the
wild-type and oxyR2 mutant was initially inhibited by
SNO±Cys, but the wild-type strain recovered faster (Fig-
ure 6). Thus, OxyR is, at least partly, responsible for
resistance to RSNOs in E. coli.
The analogous cellular response to H2O2 and RSNOs
in E. coli suggested that catalase, which dismutates
H2O2, might confer some protection against RSNOs as
well. Interestingly, mutant strains deficient in catalase
(UM1) were found to be slightly more susceptible to
SNO±Cys than their isogenic wild types (CSH7). How-
ever, this hypersusceptibility was only seen under aero-
bic conditions (data not shown). To elucidate further the
mechanism of this effect, catalase was purified from E.
coli after induction with SNO±Cys. Incubations of puri-
fied enzyme did not enhance catalysis of RSNO decom-
position (data not shown).
Discussion
The activation of antioxidant enzymes by the prokaryotic
transcription factor OxyR in response to H2O2 is well
characterized (Storz et al., 1990; Toledano et al., 1994;
Kullik et al., 1995). H2O2 has been shown to induce cata-
lase activity 3±8-fold (Richter and Loewen, 1981;
Christman et al., 1985; Mukhopadhyay and Schellhorn,
1994). Here we show that SNO±Cys induces a compara-
ble increase in enzyme activity. Moreover, the adaptive
response to SNO±Cys was markedly potentiated by glu-
tathione deficiency, a physiological correlate of oxida-
tive stress. Unlike H2O2, however, RSNO effects appear
tobe mediated by nitrosation rather than oxidation. Spe-
cifically, nitrosation contributes to depletion of intracel-
lular thiol, and S-nitrosylation of OxyR appears to serve
as the functional switch in the activation of OxyR-con-
trolled genes.
S-Nitrosylation Activates OxyR
When OxyR is purified aerobically, it is in an active form.
Treatment with reductant inactivates OxyR (Storz et al.,
1990; Kullik et al., 1995). Likewise, posttranslational
Figure 6. Growth Inhibition of Wild-Type and OxyR Mutant Strains modification of OxyR by S-nitrosylation induces katG
by S-Nitrosocysteine transcription in vitro, and denitrosylation inactivates the
(A) Untreated control. protein. Thus, OxyR senses both oxidative and nitrosa-
(B) 0.1 mM SNO±Cys.
tive events.(C) 1.0 mM SNO±Cys. Cells were grown aerobically in a minimal
Several lines of evidence suggest that activation ofmedium to an A600 of 0.2 (A and B) or 0.4 (C) and then treated
OxyR by SNO±Cys in vivo involves S-nitrosylation. First,with SNO±Cys. Growth was monitored by following the increase in
turbidity at 600 nm. The results are representative of two experi- the induction of HPI activity and de novo synthesis of
ments. The more pronounced growth inhibition in the oxyR2 mutant HPI protein were more pronounced in a glutathione-
was verified in six additional experiments by comparing the relative deficient mutant. This is consistent with glutathione be-
increase in turbidity between the wild type and the oxyR2 mutant
ing the major NO group acceptor in E. coli. GSNO isat the time of treatment and 60 min thereafter (p < 0.05 by t test).
characterized by lower reactivity than S-nitrosocysteine,
from which it is formed (Meyer et al., 1994; Arnelle and
Stamler, 1995). Thus, GSNO functions in this context asNO22 in the oxyR2 mutant was apparent (Figures 5B
and 5C). an NO sink rather than as an NO donor and thereby
confers protection against nitrosative stress. On the
other hand, deficiency of glutathione will predispose toOxyR Protection Against RSNOs
As SNO±Cys is metabolized differently in OxyR-compe- S-nitrosylation of other thiol-containing targets, includ-
ing the critical cysteine residue in OxyR.tent and -deficient organisms, it was of interest to deter-
mine if this manifests at the level of growth inhibition. Second, the induction of HPI by SNO±Cys was also
observed in the absence of oxygen. This condition ex-Indeed, SNO±Cys was found to have a greater inhibitory
effect on the growth of the oxyR2 mutant than on the cludes the possibility that sulfenic acid derivatization of
Transcriptional Activation by S-Nitrosylation
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OxyR, as mediated by H2O2, might contribute to activa- Induction of antioxidant genes in response to RSNOs
is protective in E. coli, based on the observation thattion. Chemical induction of catalase under anaerobic
conditions has been previously reported (Privalle and there is more pronounced growth inhibition in OxyR and
catalase mutants than in their isogenic wild types. TheFridovich, 1990), but the physiological relevance is un-
clear. Anaerobic induction by naturally occuring RSNOs question arises as to how resistance is conferred. Impor-
tantly, the rate of RSNO breakdown was enhanced by(Stamler et al., 1992b; Gaston et al., 1993; Clancy et al.,
1994; Scharfstein et al., 1994) suggests that the para- cells (suggestive of an enzymatic pathway) but not al-
tered in any of the mutants or by purified preparationsdigm of OxyR regulation should be extended to include
oxygen-independent stress. of bacterial catalase (HPI). Thus, while the RSNO±
metabolizing activity may be an important mechanismThird, nitric oxide (NO·) failed to induce HPI under
anaerobic conditions. Actions of RSNOs that are not of microbial defense, it appears to be unrelated to OxyR.
Moreover, it is this activity that explains the relativemimicked by NO· in general, and anaerobically in partic-
ular, are best rationalized by nitrosative (NO1 transfer) resistance of bacteria to RSNOs under aerobic condi-
tions. Specifically, RSNOs accumulated intracellularlychemistry (Stamler et al., 1992a; Stamler, 1994). That
SNO±Cys activated OxyR by a mechanism other than in both wild-type and mutant strains under anaerobic
conditions but were rapidly metabolized in the presenceS-nitrosylation seems unlikely. On the other hand, NO·
has been shown to induce the manganese-containing of O2. Taken together, these results indicate that the first
and rate-limiting step in E. coli metabolism of RSNOs issuperoxide dismutase (MnSOD) in E. coli under anaero-
bic conditions, presumably via its interaction with the dependent on O2 but independent of OxyR.
The protection against RSNOs conferred by OxyR wasiron±sulfur center of the transcription factor SoxR
(Nunoshiba et al., 1993; Hidalgo and Demple, 1994; Wu only seen aerobically. This is well rationalized by the
existence of a second oxygen-dependent step by whichet al., 1995; Hidalgo et al., 1995). To the extent that
SNO±Cys serves as an NO· donor (Arnelle and Stamler, OxyR determines the ultimate metabolic fate of RSNOs.
Specifically, the OxyR mutant accumulated NO22, while1995), it also induces MnSOD (data not shown). These
data demonstrate, on the transcriptional level, that dif- the wild type did not. The importance of OxyR is thus
seemingly made apparent, as NO22 is toxic to bacteriaferences in NO·/NO1 reactivity manifest in their recogni-
tion by different metal- and thiol-containing proteins. (Castellani and Niven, 1955; Mirna and Hoffmann, 1969;
Johnson and Loynes, 1971); this is presumably a conse-Privalle and Fridovich (1988) reported that nitrate can
induce MnSOD and catalase when nitrate reductase is quence of its participation in nitrosative and oxidative
events. Moreover, known interactions between NO22,expressed. The E. coli enzyme both generates NO and
catalyzes nitrosation reactions (Ji and Hollocher, 1989). H2O2, and peroxidases (Chance, 1952; Roman and Dun-
ford, 1972; Klebanoff, 1993) suggest potential mecha-Accordingly, the inductions by nitrate may have been
caused by nitrosylation of SoxR and OxyR. nisms of OxyR/catalase protection. For example, inter-
actions between NO22 and H2O2 can lead to formationFinally, we showed that OxyR can be S-nitrosylated
in intact cells. The in vivo identification of SNO±OxyR of peroxynitrite, which is highly toxic to bacteria (Brunelli
et al., 1995). Maintaining an enviroment free of H2O2,was made in a strain that overexpresses OxyR, owing
to the sensitivity limits of our assays. However, we de- by upregulation of HPI, might thereby protect against
RSNOs. In addition, peroxidases can support the oxida-tected S-nitrosylated peptides and proteins in normal
cells as well. It is reasonable to assume that SNO±OxyR tion of NO22 to NO32 once activated by H2O2 (Chance,
1952; Roman and Dunford, 1972). Perhaps this explainsis formed in cells expressing normal levels of the tran-
scription factor. why the oxyR2 mutant, but not its parental strain, accu-
mulates NO22 after RSNO treatment. If borne out experi-
mentally, H2O2/catalase would constitute a mechanismRSNO Metabolism
The growth-inhibitory effects of RSNOs in bacteria are for detoxification of RSNOs under aerobic conditions
(Klebanoff, 1993). Additional studies are required to de-well established (Stamler, 1995; DeGroote and Fang,
1995; DeGroote et al., 1996). In Bacillus cereus, bacterial termine if NO22 accumulation derives from a block in its
conversion to NO32 or to ammonia or to both.membrane sulfhydryl groups are the targets of the bac-
teriostatic actions of RSNOs (Morris et al., 1984). In con- DeGroote et al. (1995) recently reported that a katG-
katE mutant of S. typhimurium does not show increasedtrast, Salmonella mutants deficient in active peptide
transport are highly resistant to GSNO, indicating that sensitivity towards GSNO. The apparent discordance
with our results is more than likely explained by theuptake of RSNO is required for cytotoxicity and that
targets of S-nitrosylation are intracellular (DeGroote et different bacteria used, differences in strain back-
ground, different measures of cytotoxicity, or by dif-al., 1995). In support of this contention, NO itself has
been found to be neither bacteriostatic nor bactericidal ferences in the actions and metabolism of GSNO and
SNO±Cys. For example, GSNO cytotoxicity relies on ex-in Salmonella (DeGroote et al., 1995). The scenario may
be similar in E. coli, where NO appears to be well toler- tracellular cleavage of a g-glutamyl residue, followed by
uptake of the dipeptide S-nitrosocysteinylglycine (De-ated (Brunelli et al., 1995), but SNO±Cys is profoundly
bacteriostatic. Although we find that S-nitrosylation of Groote et al., 1995). The metabolic fate of the dipeptide
RSNO may be quite different from that of SNO±Cys,intracellular targets is involved in the cellular response
of E. coli, we do not exclude the possibility that covalent which presumably functions independently of the g-glu-
tamyl cycle.modification of the bacterial membrane contributes to
bacterial compromise or that molecular recognition of SNO±Cys inhibits GSH synthesis, whereas GSNO
does not (Han et al., 1995). This might explain some ofRSNOs may occur at the cell surface.
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Figure 7. Parallels between Oxidative and
Nitrosative Stress
H2O2±induced oxidation of cellular targets
leads to cellular damage. Oxidative stress is
reflected in a decrease in glutathione (the first
line of defense) and is countered by upregula-
tion of resistance genes under control of
OxyR. The sensor and regulator function
(switch) controlling gene expression is theox-
idation of a critical thiol in the transcription
factor, presumably to a sulfenic acid. By anal-
ogy, RSNOs impair cellular functions by ni-
trosation of cellular targets. Nitrosative stress
is reflected by depletion of intracellular gluta-
thione and countered, at least in part, by in-
duction of OxyR-controlled genes. S-nitrosy-
lation of OxyR appears to be the functional
switch regulating gene expression. As in the
case for H2O2, OxyR-independent activities
also participate in RSNO metabolism (see
text).
the decrease in total GSH upon SNO±Cys treatment (Castro et al., 1994), and ribonucleotide reductase (Roy
et al., 1995). However, in the case of RSNOs, nitrosation,(Table 1); GSNO export is another possibility for which
there is recent precedent (Jia et al., 1996). Mechanism not oxidation, of critical protein thiols accounts for the
pronounced growth inhibition. In the face of nitrosativeaside, an intriguing scenario arises in which nitrosative
stress imposes a secondary oxidative threat by disarm- challenge, E. coli appear to have adapted a sensor that
responds to the nature of the threat, namely S-nitrosyla-ing the bacterial defense machinery and emphasizes
the selective advantage of inducing antioxidative genes tion. Figure 7 summarizes the effects of H2O2 and RSNO
in a bacterial cell with respect to intracellular targets andin response to RSNOs.
These studies also highlight the fact that induction of the adaptive oxidative and nitrosative stress responses,
respectively. Inasmuch as nitrosative and oxidativeOxyR alone does not afford complete protection. Gluta-
thione as well as other resistance genes are operative stress is synergistic (Klebanoff, 1993; Nathan, 1995), the
induction of a common defense mechanism (e.g., OxyR)in defense against RSNOs (DeGroote et al., 1996). It
will be interesting to see if the SNO±Cys metabolizing makes good sense.
In summary, we have found, first, that SNO±Cys im-activity is a specific genetic response to NO±derived
species in general or to SNO±Cys in particular. poses a nitrosative threat to E. coli that is distinct from
classical oxidative stress imposed by reactive oxygen
species; second, that the defense countering this chal-Nitrosative Versus Oxidative Stress
Many thiol and iron±sulfur centers functioning in cellular lenge includes glutathione as well as other factors con-
trolling both the rate of RSNO breakdown and its meta-control mechanisms are particularly susceptible to oxi-
dative damage. Cells have therefore adopted a system bolic fate; and, third, that the latter is partly under the
control of OxyR and can be activated by S-nitrosylation.for molecular recognition of such oxidative events (Dem-
ple and AmaÂbile-Cuevas, 1991), in which the same thiol Our studies thus identify RSNO±responsive genes, sug-
gest that S-nitrosylation serves as a functional switchand iron±sulfur centers serve as sensors in stress-
response proteins. This enables the cell to recognize a in control of gene expression, and provide novel insights
into pathways of bacterial resistance. We suggest thatspecific type of oxidative stress and to respond in kind
with upregulation of highly specialized resistance genes. these signaling pathways and resistance mechanisms,
in their broadest sense, may be shared by other cells.Consider, for example, the case of H2O2,which exhibits a
reactive predilection for thiol. This redox threat is sensed
through the oxidation of an allosteric thiol in OxyR that Experimental Procedures
promotes the conformational change required for tran-
scriptional initiation (Toledano et al., 1994). Catalase is Bacterial Strains and Plasmids
RK4936 (araD139, flbB5301, non-9gyrA219, relA1, rpsL150, metE70,one of several proteins synthesized to ameliorate the
btuB::Tn10, D[argF-lac]205) and TA4112 (as RK4936 but D[oxyR-oxidative threat. Presumably, some critical level of gluta-
btuB]) were initially obtained from Dr. B. N. Ames (Christman et al.,thione oxidation is reached before OxyR is activated.
1985). AB1157 (F2 thr-1 leuB6 proA2 his-4 thi-1 argE2 lacY1 galK2
The parallels between the H2O2 and RSNO responses rpsL supE44 ara-14 xyl-15 mtl-1 tsx-33) was provided by Dr. J. Imlay,
are remarkable. RSNOs also compromise glutathione and JTG10 (as AB1157 but gshA::Tn10Km) was initally obtained
from Dr. B. Demple (Greenberg and Demple, 1986). CSH7 (lacY rps-Llevels but through nitrosation rather than oxidation. This
thi-1) and UM1 (as CSH7 but katE1 katG14) were obtained from Dr.distinction is highlighted by the ability of RSNOs to lower
P. Loewen (Loewen, 1984). The OxyR-overexpressing strain D1210/free thiol levels under anaerobic conditions. Moreover,
pAQ25 was provided by Dr. G. Storz (Storz et al., 1990). Preparationboth reactive oxygen species and RSNOs have common
of plasmid DNA and transformations were performed according to
targets, such as g-glutamylcysteine synthetase (Han et protocols described by Sambrook et al. (1989). Plasmid pRSkatG2
al., 1995), glyceraldehyde-3-phosphate dehydrogenase (katG::lacZ, ampR) was obtained from Dr. P. Loewen. The plasmid
DNA was prepared and transformed into strains RK4936 (oxyR1)(Little and O'Brien, 1969; Mohr et al., 1996), aconitase
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and TA4112 (oxyR2), and transformants were selected on Luria- by intact cells, the assay was performed directly on aliquots of
exponentially growing cultures (A600 5 0.2±0.4). To correct for theBertani (LB)±ampicillin plates.
turbidity introduced by adding intact cells, absorbance readings at
650 nm were subtracted from the readings at 540 nm. The half-lifeReagents
of RSNOs was calculated assuming first-order kinetics of RSNOSNO±Cys and saturated solutions of NO were prepared as pre-
decay. Bacterial growth was monitored as the absorbance atviously described (Feelischand Stamler, 1996). Polyclonal antiserum
600 nm.to E. coli HPI was provided by Dr. P. Loewen.
NOx Determinations
NO22 was measured by the Griess reaction using the intactcell assayCulture
described above. NO22 and NO32 were measured simultaneously inRoutine manipulations and storage of bacteria were carried out in
supernatants of cultures after SNO±Cys treatment by high perfor-LB medium or LB agar plates. For SNO±Cys and H2O2 treatments,
mance capillary electrophoresis (Applied Biosystems) as describeda minimal salt medium was used, containing per liter 16.08 g
in Feelisch and Stamler (1996).Na2HPO4, 4.49 g KH2PO4, 1.0 g (NH4)2SO4, 0.2% casamino acids, and
0.5 g sodium citrate in deionized water (pH 7.0), 0.2% glucose, 1
Purification of HPImM MgSO4, and 0.1 mM CaCl2. Thiamine±HCl (40 mg/ml) and ampi-
HPI was purified from a crude extract derived from 2 l of an exponen-cillin (50 mg/ml) were added when needed. Aerobic growth was
tially growing culture of AB1157 in LB medium. The French-pressedperformedat 378C in a water bath with shaking at200 rpm. Anaerobic
and centrifuged extract (10 ml) in 50 mM Tris±HCl (pH 7.5), containinggrowth was performed in a glove box under an atmosphere of 85%
0.1 mM EDTA (buffer A), was applied to a MonoQ HR 16/10 columnN2, 10% CO2, and 5% H2 (Coy Laboratory Products). Traces of O2
(Pharmacia). HPI was eluted with a linear gradient from 0 to 0.5 Mwere continously removed by venting the atmosphere over a Pd
NaCl in buffer A.Fractions containing catalase and peroxidase activ-catalyst. Growth medium, solvents, and starter cultures of bacteria
ity were pooled, brought to 1 M (NH4)2SO4, and applied to a Phenylwere equilibrated in the anaerobic chamber for at least 18 hr before
Sepharose HR5/5 column (Pharmacia), equilibrated in buffer A, con-being used in experiments. Bacteria were grown in an incubator at
taining 1 M (NH4)2SO4. HPI was eluted with a linear gradient from 1378C without shaking.
M to 0 M (NH4)2SO4 in buffer A. Fractions containing activity were
pooled, concentrated by ultrafiltration to 0.2 ml (Amicon PM30 mem-Treatments and Harvest
brane), applied to a Superdex 200 HR 10/30 column (Pharmacia),Media were inoculated with 2% of overnight cultures, grown to mid-
and eluted with buffer A. One fraction contained pure HPI, as judgedexponential phase (A600 5 0.4±0.5) and then treated with the desired
by SDS±PAGE, and was used as a standard in immunoblots as wellamounts of SNO±Cys or H2O2. At indicated times, the cells were
as to study the effects of HPI on RSNOs.placed on ice, harvested by centrifugation (10,000 3 g), and resus-
pended in 0.1 M potassium phosphate buffer (pH 6.0), containing
Purification and S-Nitrosylation of OxyR0.1 mM EDTA. After a second centrifugation, the cell pellets were
Purificationstored at 2208C overnight. When anaerobic cultures were to be
OxyR protein was purified from the overexpressing strain D1210harvested, 200 mg/ml of chloramphenicol was added to the samples,
carrying the plasmid pAQ25 with the oxyR coding region clonedand the cultures were incubated for an additional 5 min before being
behind the tac promoter (Storz et al., 1990). Cells (2 l cultures) wereremoved from the glove box and placed on ice. For time course
grown to mid-exponential phase (A600 5 0.5±0.7), treated with 1 mMexperiments, 200 mg/ml of chloramphenicol was added immediately
isopropyl-b-D-thiogalactopyranoside, and grown for an additionalafter taking the samples, and the harvest was performed as de-
16 hr. In some cases, cells were treated anaerobically with 0.5 mMscribed above. The cells were homogenized in 1.0 ml of 0.1 M
SNO±Cys for 30 min before harvest. Sample preparation and Hepa-potassium phosphate buffer (pH 6.0), containing 0.1 mM EDTA, by
rin±Sepharose chromatography were done as outlined by Storz andtwo passes through a French Pressure cell at 20,000 lb/in2. The
Altuvia (1994). The fractions were screened for RSNO by photolysis-crude extract, obtained after centrifugation at 17,000 3 g, was used
chemiluminescence (Stamler et al., 1992b, Gaston et al., 1993) andfor measuring HPI activity, GSH, total sulfhydryl, and RSNO con-
for OxyRprotein by the appearance of a 34 kDa band on SDS±PAGE.tents. Aliquots of the crude extracts were frozen in a dry ice/ethanol
OxyR-containing fractions that showed more than one band on SDSbath and stored at 2808C until they were used for immunoblots.
gels were further purified as described by Storz and Altuvia (1994).For b-galactosidase determinations, overnight cultures of RK4936
OxyR was stored aerobically at 48C until in vitro transcription assaysand TA4112 carrying plasmid pRSkatG2 were grown in LB medium
were performed.supplemented with ampicillin. These were subcultured into LB±
S-Nitrosylation of OxyRampicillin at 1:100 dilution, and the cultures were incubated at 378C
Anaerobic S-nitrosylation was performed immediately prior to inwith vigorous shaking. When the A600 had reached 0.2±0.3, H2O2 or
vitro transcription in a glove box, by treatment with 200 mM DTTSNO±Cys were added to final concentrations of 60 mM and 0.5 mM,
for 30 min at room temperature, followed by dialysis against bufferrespectively.
A, containing 0.5 M KCl, until the dialysis buffer was free of DTNB±
titratable SH groups. Aliquots were removed from the dialysis bagsAssays
and transferred into septum-sealed vials (reduced OxyR). The re-Hydroperoxidase I
maining sample was treated for 15 min with 0.1 mM SNO±Cys,The peroxidase activity of HPI was measured in 50 mM potassium
and dialysis was continued until excess SNO±Cys was removedphosphate buffer (pH 7.5), containing 0.1 mM EDTA, 10 mM H2O2,
(SNO±OxyR). The samples were sealed, removed from theglove box,and 0.2 mg/ml o-dianisidine by measuring the increase in ab-
and used for in vitro transcription reactions within 2 hr. Subsequentsorbance at 460 nm (Clairborne and Fridovich, 1979). An extinction
sample processing and in vitro transcription assays were done aero-coefficient of 11.3 mM21cm21 was used to calculate the specific
bically.activity (Worthington, 1993).
Protein Concentrationb-galactosidase
Protein concentration was determined either by the BradfordThe level of b-galactosidase activity was determined as described
method or by the absorbance at 280 nm, after establishing an extinc-by Miller (1972). Protein was determined by the method of Lowry
tion coefficient by amino acid analysis (1 OD at 280 nm corresponds(Lowry et al., 1951).
to 24 mM oxyR). The stoichiometry of OxyR S-nitrosylation wasSulfhydryls
based on this extinction coefficient.Glutathione in the crude extracts was determined by the method of
Griffith (1980) and sulfhydryl groups with 0.6 mM 5,59-dithio-bis-(2-
nitrobenzoic acid). In Vitro Transcription and Primer Extension
In vitro transcription reactions were performed with anaerobicallyRSNOs
RSNOs were measured by the Saville assay (Feelisch and Stamler, reduced oxyR that was then air-exposed (oxidized OxyR), or OxyR
that was S-nitrosylated (SNO±OxyR) and then air-exposed. In vitro1996), following verification of their presence by chemiluminescence
(Gaston et al., 1993). To measure the decomposition of RSNOs transcription reactions (using plasmid pBT22, a gift of Dr. P. Loewen)
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and primer extension assays were performed as described by Storz Gaston, B., Reilly, J., Drazen, J.M., Fackler, J., Ramdev, P., Arnelle,
D., Mullins, M., Sugarbaker, D.J., Chee, C., Singel, D.J., Loscalzo,and Altuvia (1994).
J., and Stamler, J.S. (1993). Endogenous nitrogen oxides and bron-
chodilator S-nitrosothiols in human airways. Proc. Natl. Acad. Sci.Immunoblotting
USA 90, 10957±10961.Soluble extracts were subjected to SDS±PAGE. Proteins were trans-
ferred to nitrocellulose membranes (Novex, 0.45 mm), incubated Gopalakrishna, R., Chen, Z.H., and Gundimeda, U. (1993). Nitric
with HPI antibody and goat anti-rabbit IgG-horseradish peroxidase oxide and nitric oxide±generating agents induce a reversible inacti-
conjugate (Bio-Rad), and visualized by enhanced chemilumines- vation of protein kinase C activity and phorbol ester binding. J. Biol.
cence (Amersham). Photographic negatives were quantified on a Chem. 268, 27180±27185.
Howtek Scanmaster 31. Greenberg, J.T., and Demple, B. (1986). Glutathione in Escherichia
coli is dispensable for resistanceto H2O2 andg radiation. J. Bacteriol.
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